Abstract: SIRE-1 is a potential soybean retrovirus which has a gene order similar to Ty1-copia retrotransposons but also contains an envelope-like open reading frame (ORF), which is characteristic of retroviruses. PCR and Southern analysis reveals that SIRE-1 is closely related to a legume-wide family of envelope-lacking Ty1-copia group retrotransposons which suggests that SIRE-1 was formed by the recent acquisition of an envelope gene by a Ty1-copia retrotransposon.
INTRODUCTION
Ty1-copia retrotransposons are mobile genetic elements that are abundant in plants, are closely related to the retroviruses, but have a different polyprotein (pol) gene order to that of retroviruses and Ty3-gypsy elements [1] . Retroviruses also have a characteristic envelope gene (env) which enables the virus to be infectious and defines their host range [2] . Infectious retroviruses although common in animals, have not been identified in plants although several examples of plant retrotransposons with env-like genes have been reported [3] [4] [5] [6] . The soybean retroelement SIRE-1 is highly unusual as it contains an envelope gene characteristic of retroviruses but unlike most other envelope-containing retroelements which have an internal structural organization similar to Ty3-gypsy elements, SIRE-1 exhibits the gene order of Ty1-copia retrotransposons [7] . Extensive sequence analysis shows that all characterized SIRE-1 insertions are relatively recent, suggesting that this element is a relatively new feature of the soybean genome [8] . Despite extensive sequence analysis the origins of SIRE-1 remain unclear but two major possibilities exist. Firstly that SIRE-1 was introduced as a complete sequence into the soybean genome by infection or secondly that SIRE-1 was formed by the insertion of an envelope gene into a pre-existing soybean retroelement. This investigation uses Ty1-copia specific primers to isolate a population of SIRE-1 related sequences from soybean, pea and broad bean. Analysis of the RNAseH sequences and Southern hybridization data show that soybean SIRE-1 sequences form a single envelope-containing lineage within a closely related and widespread population of envelope-lacking legume Ty1-copia retrotransposons which are present in pea, broad bean and possibly all other legume species. These findings strongly suggest that SIRE-1 was formed by the acquisition of the envelope gene by a conventional soybean Ty1-copia retrotransposon.
MATERIALS AND METHODS

Plant materials
Seeds of soybean (Glycine max cv. Williams) were donated by Prof. R. Shoemaker, Iowa state University USA. Pea, Pisum sativum JI15 was from the John Innes collection, John Innes Centre, Norwich UK. Broad bean (Vicia faba cv. troy, was from the SCRI collection, SCRI, Dundee UK). Surface sterilized seeds were germinated and DNA isolated by "qiaquick plant mini kit" (Qiagen).
Generation of RNAseH LTR sequences and sequence analysis
RNAseH-LTR sequences were amplified by a modification of the S-SAP technique [9] . The second nested primer stage was omitted which enabled RNAseH sequences to be recovered from the upstream primer site (RTKHID). S-SAP products were subcloned into pCR2.1-TOPO vector (Invitrogen) by TOPO TA cloning, and the recombinant plasmids transformed into "Top10 one shot" competent cells (Invitrogen). Plasmid inserts were isolated by PCR using M13 forward and M13 reverse primers, and purified by PCR purification kit (Qiagen). Purified inserts were sent to the Advanced Biotechnology Centre, Charing Cross Hospital, London, UK for sequence determination. DNA sequences were compared and phylogenetic trees generated using CLUSTALW [10] .
Southern analysis
Southern analysis was carried out using 3μg of EcoRI digested genomic DNA per lane. Slot blot transfer was carried out as [11] but with 3μg DNA per slot. Probes were labeled and detected using AlkPhos direct labeling and CDP-Star (Amersham). SIRE-1 envelope (AY205610 5870-6282) and RNAseH (AY205610 5428-5842) probes were generated by PCR from soybean DNA using primer pairs E1/E2 and R1/R2 respectively. 
RESULTS
Isolation and sequence analysis of SIRE-1 family sequences
Retrotransposon sequences originating within the RNAseH and continuing approximately 200bp downstream, and including the 5' end of the SIRE-1 env gene ( Fig. 1) were generated by a modification of the S-SAP technique [9] from soybean, broad bean and pea. Sequence analysis reveals a heterogeneous population of Ty1-copia group retrotransposons closely related to SIRE-1 (Fig. 1) . All soybean RNAseH sequences share high levels of sequence similarity with the SIRE-1 sequence with Tgm5 being the most closely related. The sequences from pea (Tp1-4) and broad bean (Tv1-4) are closely related to SIRE-1, but further phylogenetic analysis shows them to be clustered along species lines (Fig. 2) . As is typical for populations of conventional Ty1-copia retrotransposons, each species population is heterogeneous, with the soybean population exhibiting 12.5%, pea 7.5% and broad bean 24% intra-species divergence. This data suggests that these sequences have been present in each species for long enough for them to have evolved differently in each of these species since they diverged from a common ancestor (Fig. 2) which is typical of vertically transmitted retrotransposon populations. When the sequence corresponding to the 5' end of the envelope gene is scrutinized we see that the gene is present in all of the soybean sequences, but is absent in each of the pea and broad bean sequences (Fig. 3) . As well as the lack of the envelope gene, the pea and broad bean sequences in many cases also contain consensus polypurine tracts and LTR termini (Pu (n>5) T(T)G; [9] ) which are characteristic of conventional envelope-lacking Ty1-copia retrotransposons (indicated by the black shading in Fig. 3) . Due to the limited number of sequences recovered in each species and the possibility that the PCR primers used may have preferentially generated envelope containing sequences from soybean and envelope-lacking sequences from pea and broad bean Southern blots were used to investigate the distribution and composition of SIRE-1 relatives in these species (Fig. 4) . A SIRE-1 RNAseH probe (panel A and C) hybridizes clearly to the soybean, pea and broad bean lanes indicating that close relatives of SIRE-1 are present in each of these species. The envelope gene (Fig. 4 B, D) in contrast shows strong hybridization to the soybean DNA (panel B) but no hybridization is detected in pea or broad bean confirming that SIRE-1 relatives are present throughout the legumes, but the SIRE-1envelope gene is confined to soybean. 
DISCUSSION
Previous studies have shown that SIRE-1 is a highly unusual retroelement as it has a gene order similar to Ty1-copia retrotransposons but has an envelope gene characteristic of retroviruses [12, 13] . This and the relative homogeneity of the SIRE-1 population in soybean has lead to the suggestion that SIRE-1 is a fairly recent acquisition to the soybean genome [14] . The findings presented here show that close relatives of SIRE-1 are present in other legume species the majority of which have characteristics of Ty1-copia retrotransposons including consensus polypurine tracts and LTR terminal sequences which are consistent with their lack of envelope genes. The high level of sequence similarity within the SIRE-1 RNAseH gene at the peptide level suggests that these elements have a common evolutionary history. Their clustering along species lines suggests they have evolved differently in each of the species making it unlikely that the complete SIRE-1 sequence entered soybean from a distant source by recent infection. The presence of the envelope gene only in soybean, suggests that either the ancestral legume SIRE-1 element had an envelope gene, which was then lost from the pea and broad bean sequences, or alternatively that the ancestral element lacked the envelope gene, which was later acquired by the soybean lineage. If the envelope gene was present in the ancestral element it is unclear why the loss has occurred efficiently in the pea and broad bean lineages but not in soybean. Although it is possible that the PCR-based techniques used in this study have preferentially isolated envelope-lacking sequences in pea and broad bean this is unlikely. The primer sequences used are able to successfully isolate a wide range of retrotransposon sequences in diverse species [9] and have been shown in this study to readily identify envelope-containing SIRE-1 sequences. More importantly the sequence data is corroborated by Southern hybridization data which shows that SIRE-1 relatives are present in pea and broad bean but the populations importantly lack the envelope gene, which is confined to the soybean lineage. The presence of heterogeneous populations of envelope-lacking retrotransposons which are related to SIRE-1 in other legume species compared to the homogeneity of the envelope-containing SIRE-1 element population found only in soybean makes it extremely likely that the complete SIRE-1 element did not enter the soybean genome from a remote host but that this element was formed by the acquisition of an envelope gene by a regular soybean Ty1-copia retrotransposon. Although it may be more likely that infectious retroviruses may revert to noninfectious retrotransposons via the loss of their envelope genes, this study shows an example of a retrotransposon converting to a potential retrovirus by gaining an envelope gene. Considering the extremely high copy number of retroelements in eukaryotic genomes, this process may play a more significant role in novel retrovirus formation than was previously considered.
